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ABSTRACT
This report decribes application of MAGIC, a catchment-scale model of soil and water acidification, to
thc ENCORE catchments in the UK and Norway. We use the model to examine thecatchment response
to several scenarios of futureenvironmental change including aciddeposition and land-use. We calculate
critical loads for sulphur for soil and water at each of the catchments, and use the model to illustrate the
dynamic response to target loads. Finally we use these applications to evaluate the robustness of MAGIC
as applied to these sites, and to suggest improvements and changes in the model.
Deposition of sulphur is one of the major driving variables within the MAGIC model. We assess the
response of catchments to two possible deposition reduction scenarios over a 50-yearperiod. These are;
(1) a 55% decrease in sulphurdeposition by the year 2006 with depositionheld at htislever thereafter, and
(2) a business-as-usual scenario whereby we assume no further cuts in sulphur deposition relative to
deposition in 1990arc achieved at any site.
At all sites the model successfully simulates present day observed stream and soil chemistry confirming
that the model is well suited for application to these types of areas. The predicted response of soils and
surface waters to the 2 standard future deposition scenarios are similar at all catchments. All catchments
continue to acidify under the worst case scenario (business as usual) and all catchments recover (or begin
recovery) under the best case scenario. Exceptions are related to situations with concurrent land-use
change such as the forest replant scenario at Hafren and Nant-Y-Bustach, or in the case of nitrogen
saturation.
Application of MAGICto ENCOREcatchments will continue andinclude (I) calibrating MAGIC toother
sites, (2) testing of MAGIC at ENCORE catchments that have been the sites of variouswhole-catchment
manipulations, and (3) linking MAGIC to other models applied to data within theENCORE project.
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I. INTRODUCTION
ENCORE (European Network of Catchments Organised for Research on Ecosystems) is a large
interdisciplinary project focussing on biological and chemical response to environmental change and the
links between terrestrial and aquatic ecosystems (Hornung et al. 1990). ENCORE began in July 1991 and
is part of the CEC STEP programme.
In all 29 catchments in 7 European countries are included in ENCORE (Figure 1). The sites span natural
gradients in climate, vegetation and soils, as well as the present-day gradients of acid deposition and air
pollution. At each of these catchments data arc collected to permit calculation of input-output budgets of
major chemical species at the catchment scale.
€4.
C • 0 • ENCORE catchments
Figure 1. Location of the ENCORE sites. Seseral sites have more than one catchment. Sites with MAGIC
applications included In thts report are Indicated by solid circles.
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Models play a central role in the ENCORE project. Integration and exploitation of the results from
catchment studies are achieved by the development of mathematical models. Muchof the catchment-based
work provides data and information about processes that form the basis for models (Figure 2). Over the
past 10years several catchment-scale models have been developed. These vary in complexity, conceptual
basis, and time scale at which thcy are applied. The models generally fall into oneof two categories -
- event- and "long-term" models (Whitehead 1990, review in Concise Encyclopedia...Pergamon Press).
Event type models arc designed to explain the response of catchments at the hourly-to-daily time scale,
while long-term models focus on trends over years-to-decades. Both types of models are necessary to
account for biological effects of environmental change in terrestrial and aquatic ecosystems.
In the natural sciences the usual approach is to set up an hypothesis and then design an experiment to test
the hypothesis. The ecosystem-scale effects of future environmental changes such as acid depostion and
land-use, however, are both long-term and multifarious and thus it is difficult to carry out the appropriate
experiments. We are thus forced to use mathematical models to simulate future change. To a large extent
such models can also he used to test hypotheses.
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Figure 2. Diagrammatic sketch of the concept of ENCORE. Field measurements, process studies, model
development and testing, manipulation experiments, and biological response are linked at the short and
long term In small catchments (from Hornung et al. 1990). The highlights denote the links addressed
here — data from catchments are used to calibrate the MAGIC model, which In turn generates
predicted biological response to given scenarios.
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MAGIC (Model for Acidification of Groundwater In Catchments) (Cosby 1985a, 1985h) is one of the
more-widely used long-term process-oriented models operating at the catchment scale. MAGIC is an
intermediate-complexity process-oriented model for constructing acidification history and predicting
future acidification over time periods of decades to centuries MAGIC nnalcesuse of lumped parameters
on a catchment scale and focusses on chemical changes in thesoil caused by atmospheric deposition,
vegetation, and leaching to runoff.
In this report we apply MAGIC to the ENCORE catchments in theUK and Norway. We build upon earlier
MAGIC calibrations to data from these sites We use the model to examine the catchment response to
several scenarios of future environmental change including acid deposition and land-use. We calculate
critical loads for sulphur for soil and water at each of the catchments, and use the model to illustrate the
dynamic response to target loads. Finally we use these applications to evaluate the robustness of MAGIC
as applied to these sites, and to suggest improvements and changes in the model.
2. DESCRIPTION OF THE MAGIC MODEL
The MAGIC model combines a number of key soil chemical processes lumped at the catchment scale to
simulate soil and surface water chemistry. MAGIC consists of: 1isoil-soil solution equilibria equations
in which the chemical composition of soil solution is assumed to be governed by simultaneous reactions
involving sulphate adsorption, cation exchange, dissolution andprecipitation of aluminum, and dissolu-
tion of inorganic carbon; and 2) mass balance equations in which the fluxes of major ions to and from the
soil and surface waters are assumed to he governed by atmospheric inputs, mineral weathering, net uptake
in biomass, and loss in runoff (Cosby et al. 1985a, 1985h) (Figure 3).
deposition
net uptake
t 4
t
weat haring
soil solution
runoff
Figure 3. Schematic diagram of MAGIC. The pools of major chemical species in the catchment soil are
central in MAGIC. Fluxes Into and out of the catchment govern pool sizes; chemkal equilibria between
soil and soil solution determine the chemical composition of runoff. Terrestrial and aquatic biological
response are related to soil and runoff chemistry, respectively.
MAGIC has been extensively used in a variety of applications atsites in both North America and Europe.
Application of MAGIC to the whole-catchment experimental manipulations of the RAIN project shows
that this intermediate-complexity lumped model predicts the response of water and soil acidification to
large and rapid changes in acid deposition (Wright et al. 199(b).These results reinforce other evaluations
of MAGIC such as comparison with paleolimnological reconstructions of lake acidification (Jenkins et
al. 1990, Neal et al. 1988) and changes in regional lake chemistry in southern Norway (Wright et al. 1991).
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In addition several of the assumptions in MAGIC have been tested experimentally (Grieve 1989). MAGIC
is one of several dynamic models included in the UN-ECE Handbook on Mapping Critical Loads
(Sverdrup et al. 1990).
MAGIC uses a lumped approach in two ways: (1) a myriad of chemical and biological processes active
in catchments are aggregated into a few readily-described processes, and (2) the spatial heterogeneity of
soil properties within the catchment is lumped to one set of soil parameters.
Whereas standard precipitation and throughfall gauges provide adequate estimates of integrated inputs to
catchments and the outputs in runoff are integrated at the weir, corresponding estimates of soil parameters
characteristic for an entire catchment are more difficult to obtain. Key soil parameters required by the
model include depth, bulk density, porosity, cation exchange capacity (measured at soil pH), and the
fraction of exchange sites occupied by Ca, Mg. Na, and K. We estimate these from soils data collected at
several points within each catchment as part of routine monitoring programmes. Values were aggregated
both spatially and with depth at each catchment to obtain single values for each parameter.
In the applications here we use an optimization procedure to calibrate MAGIC (Jenkins and Cosby 1989).
For each catchment we use precipitation data, soil and soil solution data together with estimated acid
deposition and net uptake histories to produce a calibrated model. The optimization routine determines
the set of initial saturation and weathering rates for each of the 4 base cations for the assumed pre-
acidification condition (assumed to be the 1840's). This set of initial values when run forward 140 years
in time to the present (1980's) produces the best fit to the present-day measured soil chemistry and runoff
chemistry. The calibrated model at each site is then used to predict future soil and water acidification 0-
50 years into the future given various deposition and uptake scenarios.
3. SCENARIOS - ASSESSING FUTURE BEHAVIOUR
Once a calibration is completed for a given site, the model can be used in predictive mode to assess the
water and soil chemistry changes that may occur in the future in response to prescribed changes in the
driving variables through time. "this predictive capability provides a powerful tool for the formulation and
assessment of different management strategies. The management options considered for this report
describe changes in atmospheric deposition of sulphur, changes in land use, focussing on future
afforestation policy, and changes in the rate of nitrogen leakage from the terrestrial phase to the aquatic
phase of the catchment system. Not all scenarios are utilised at all of the sites covered in this report; rather
the scenarios are evaluated at a site only if an impact is likely.
3.1. ACID DEPOSITION
Increased atmospheric deposition of sulphur, above natural background levels, is responsible for the
historical acidification of soils and surface waters in Europe and eastern North America. The recognition
of this link between acidic deposition and soil and water acidification has prompted the formulation of
deposition reduction strategies in an effort to reverse, or at least halt, the acidification process. Deposition
of sulphur is one of the major driving variables within the MAGIC model and here we assess the response
of catchments to two possible deposition reduction scenarios. These are; (1) a 55% decrease in sulphur
deposition by the year 2006, which broadly corresponds to the Large Combustion Plant Directive in the
UK and to the proposals for Europe as a whole under the negotiations within the UN-ECE. This scenario
represents an optimistic strategy given the rate at which new technology can be implemented to achieve
the planned reductions; (2) a business-as-usual scenario whereby we assume no further cuts in sulphur
deposition relative to deposition in 1990 are achieved at any site. Clearly, this represents a pessimistic
strategy. The actual future deposition at any site may be expected to fall somewhere between the two.
7
ENCORE REPORT September 1992
Nitrogen deposition is assumed to remain constant into the future for the worst case scenario and to
decrease to 60% of present levels by year 2006 for the best case. This decrease reflects ongoing discussions
within UN-ECE extrapolated forward to 2040 at the same rate. We assume that a similar best case is
possible for the UK sites, and that there is no change in N114deposition through the forecast period in either
of the scenarios.
3.2. LAND - USE
The major potential land-use change in upland UK catchments is management strategies associated with
commercial plantation forestry. Coniferous trees have been shown to enhance soil and water acidification
through three mechanisms; increased ability of the canopy to scavenge acidic compounds, often referred
to as occult or filler deposition, upt ake of base cations from the soil as the forest grows, and increased water
use by the growing forest leading to greater concentration of thedie mi cal throughputs. The effect of these
three mechanisms arc modelled explicitly within MAGIC by describing historical and future sequences
for forest filtering, runoff and uptake (Cosby et al 1990).
Land-use scenarios are carried out at Nant-Y-Bustach (LI I Llyn Brianne) and Afon Hafren (Plynli mon)
to assess the interaction of the growing forest under di fferent future deposition scenarios. The two
deposition strategies outlined in 3.1. are utilised in conjunction with two future forest management
scenarios; to replant a felled forest immediately and to leave a felled forest as moorland. In all cases the
forest is assumed to follow a 50- year rotation between planting and felling on maturation. Canopy closure
is at 15 years of age. Occult deposition and evapotranspiration are assumed to increase linearly from
planting to maturity. Base cation uptake is assumed to increase to a maximum at 15 years age and then
decrease slowly until the stand is felled (Cosby et al. 1990).
3.3. NITROGEN SATURATION
Observations from surface waters in Norway indicate that during the past 20 years nitrate concentrations
have increased although nitrogen deposition has not changed appreciably (Henriksen et al. 1988). This is
potentially the result of nitrogen saturation; the terrestrial ecosystems are retaining less and less of the
incoming nitrogen. The reasons for this incipient nitrogen saturation are as yet speculative. Whatever the
mechanism, the increased nitrate flux represents a potentially serious acidification factor in ecosystems
already heavily impacted through decades of sulphur deposition.
Due to the uncertainty regarding the causes of nitrogen saturation, this process is not explicitly modelled
within MAGIC. The net retention of ammonium and nitrate inputs to the catchment system is represented
by a first-order uptake coefficient which is adjusted to match observed input and output fluxes. By varying
this uptake factor, the effect of nitrate saturation on soils and runoff can be simulated. Here we demonstrate
the effect of nitrogen saturation for the catchment at Birkenes, Norway. We use the sulphur deposition
scenarios given in section 3.1.
4. DETERMINATION OF CRITICAL LOADS
The concept of critical load is now widely used as a basis for decisions regarding future emissions of
acidifying gases. The critical load is defined as "A quantitative estimate of the loading of one or more
pollutants below which significant harmful effects on specified sensitive elements of the environment are
not likely to occur according to present knowledge" (Nilsson and(Jrennfelt, 1988). The target load is an
operational value and for a given ecosystem can be set at a level higher than the critical load (in which case
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some damage is accepted) or lower than the critical load (in which case a safety margin is provided).
Critical loads are thus viewed as being intrinsic properties of the environment, whereastarget loads arc
set according to political or management decisions.
Critical load for soil is of interest because soil acidification affects biological organisms in terrestrial
ecosystems (for example, trees) and in aquatic ecosystems (for example, fish). Negativeeffects in forest
ecosystems include shortage of mineral nutrients, nutrient imbalance, and high concentrationsof toxic
aluminum compounds in soil solution (Nilsson and Grennfelt 1988).
Procedures fordetermination of critical load fora givenecosystemor regionentails theuse of models. Two
types of models are available: steady-statc and empirical models, and dynamic process-orientedmodels
(Sverdrup et at, 1990).Muchof ihemapping workcarriedout todate is basedon steady-stateand empirical
models (Henriksen ct at Ambio in prep.). Although these models provide regional estimates of critical
loads they do not take into account the time aspect of acidification and recovery ofterrestrial and aquatic
ecosystems.
The time-dependent aspects are of central importance in the selection of target loads.Here the question
is not only what percentage of thc affected or threatened waters, soils and forests are to he protected (or
restored) but for what period of time. Clearly if the goal is to restore an acidified lakewithin 10years the
target load will be lower than if one can wait 50 years.
Criteria for -unacceptable change" are set in relation to effects on terrestrial and aquatic organisms. By
itself soil is inanimate and the term damaged" soil has no meaning. With respect todamage to terrestrial
vegetation commonly used criteria include the concentration of inorganic aluminum in soil solution and
the molar ratio of calcium to aluminium in soil solution (de Vries 1988,Sverdnip et al. 1990), where the
soil solution inrootingdepth (0-50cm) isof primaryinterest.With respect to aquaticorganisms commonly
used criteria arc that the runoff water should have positive acid neutralizing capacity (ANC) and
concentration of labile inorganic aluminum less than 50 pg/I (Nilsson andGrennfelt 1988,Henriksen and
Brakke 1988).
Here we illustrate these dynamic aspects of acidification and the implications forcritical loads We use
data for both water and soil chemistry at a catchment scale to derive estimates of soilacidification for soil
characteristic of the entire catchment. Wc estimate critical load by meansof the dynamicMAGIC model
(Cosby et al. 1985a, 1985b)and the static empirical model of Henriksen (1980) andevaluate with respect
to criteria for adverse effects to both forests and to surface waters. This procedure is applied to the data
from 10ENCORE catchments in Norway and the UK (Figure 1).
The critical loads for each site are calculated using the MAGIC model under the conditionthat deposition
is suddenly changed to a new level and then held constant for 50 years. MAGIC is run repeatedly with
different levels of deposition until the criterion of ANC= peq/1(fish) or Ca/AI =1.0 (forest) is met. This
deposition is the critical load forsulfur. For allcases it is assumed that theloading andretention of nitrogen
compounds are not changed from present-day conditions.
Henriksen (1980) developed an empirical model for predicting water acidification.This model is based
on present-day water and precipitation chemistry and is static in that it specifies the water chemistry
resulting froma given change in deposition without specifying the time at which thisnew water chemistry
will exist. The model thus does not provide information as to length of time requiredto achieve steady-
state following change in acid deposition. Ihis empirical model has also been extensively used in both
North America and Europe. The empirical model is one of the static models included in the UN-ECE
handbook (Sverdrup et al. 1990), and is currently beihg used in conjunction withmapping critical loads
for freshwaters in Norway.
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5. SITE DESCRIPTIONS, DATA SOURCESAND MODEL OUTPUT
5.1. ALLT A MHARCAIDH
This catchment is an unacidi fled upland moorland si te i n the Cairngorm Mountains of Scotland, UK. Total
sulphur deposition is relatively low. Rainfall is low and there is less of asea-salt influence than at the other
UK sites considered in this report. The catchment area comprises aSi te of Special Scientific Interest within
the Cairngorm National Nature Reserve and land-use is confined to deer grazing. The site was identified
as a 'transitional' catchment in 1985 for thc Surfacc Waters Acidification Programme and hydrochemical
monitoring has continued since that date. The stream is essentially unacidified but is characterised by
severe acid pulses associated with rainstorms and snowmclt and as such was chosen to represent a site
which might become chronically acidified with continued or higher acidic deposition. Future sampling
at this site will continue for at least a further 6 years under the UK Acid Waters Monitoring Network.
MAGIC has previously been applied at this site to assess model sensiti vity to soil physical and chemical
parameters (Jenkins et al 1988). Sulphate adsorption characteristics were identified as being important
with respect to long term acidification at the site. A subsequent calibration was carried out to assess the
impact of including two-layer soil representation and flow routing upon the long term predictions (Jenkins
and Cosby 1990). The results of this analysis show that long term stream chemistry response is unaffected
by this refinement but soil chemisu-y, particularly the upper layer, may become more acidic in the long
term. For this application the model has again been completely re-calibrated using multiple optimisation
techniques and most recent chemistry data. A single soil layer methodology was employed although it is
clear that at this site at least two layers would improve estimates of soil critical loads and calibration to
a monthly or weekly time-step might provide a useful basis for assessing short-term responses.
5.1.1. Physical Characteristics
Arca; 9.98 km'
Vegetation; Heather and Nardus grassland
Soil Type; Blanket peats, alpine and peaty podsols
Mean Soil Depth; 0.83 m
Geology; Biotite granite, glacial drift
5.1.2. Hydrochemical Characteristics
Data Period; 1989
Rainfall: 1066 mm
SO,* Input Load; 32 meq/m2/yr
CI Input Load: 110 meq/mYyr
Stream pH; 6 3
Soil Base Saturation; 4.6 %
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5.1.3. Data Sources
Input Chemistry; Ferrier et al. (1990), Warren Springs Laboratory (1990)
Output Chemistry; Juggins et al. (1990)
Soils Data; Nolan et al. (1985), Jenkins et al. (1988)
5.1.4. Model Output - Reconstructions and Predictions: Allt A Mharcaidh
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Figure 5.1a. Excess sulphate deposition (meq/
mYyr) used for best and worst case scenarios.
Figure 5.1c. Reconstructed historical
streamwater sum of base cations (SBC mey/m')
and predicted response under each scenario.
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Figure 5.1b. Reconstructed historical
streamwater alkalinity (megien3) and predicted
response under each scenario.
Figure 5.1d. Reconstructed historical soil base
saturation (%) and predicted response under
each scenario.
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5.2. AFON GWY (PLYNLIMON)
This catchment is an acidified upland moorland site in central Wales,UK.,receiving a substantial sulphur
input, much of which is associated with neutral sea-salt. The catchment supports rough sheep grazing
throughout the year and cattle grazing in the lower portion in summer.Thestream has been monitored by
the Institute of Hydrologysince the early 1970's as part of a majorstudy intothe water resources impacts
of upland afforestation. Chemical sampling commenced in the mid 1980's and will continue for at least
a further 6 years within the framework of the UK Acid Waters Monitoring Network.
The MAGIC model has previously been applied to this site in an attempt to assess the hydrochemical
impact of afforestation (Whitehead et al. 1988) although usingonly a crude representation of the forest
effects. For this application the model has heen completely re- calibrated using multiple optimisation
techniques and most recent chemistry data. Problems were encountered in matching observed stream
nitrate concentrations since these are appreciably higher than observed nitrate concentrations in wet
deposition. The source of the additional nitrate maywell be gaseousand drydepositionbut may also reflect
nitrate generation through soil mineralisation since high concentrations have been found in shallow soil
Iysimeters (Reynolds et al. 1989).Since the present model utilisesonly a simple firstorder uptake to relate
nitrate input and output flux, for this application additional nitratewas addedto the soil to enable a match
with observed stream flux.
This site has recently formed a focus for an attempt to link longand short term hydrochemical responses
by linking MAGIC with an end-member mixing model (Robsonet al. 1991,Neal et al 1992).
5.2.1. Physical Characteristics
Area; 3.88 km'
Vegetation; Nardus, Festuca and Agrostisgrassland
Soil Type; Peat, brown earth, stagnopcx1solsand stagnogleys
Mean Soil Depth; 0.81 m
Geology; Mudstones, shales, grits and glacial drift
5.2.2. Hydrochemical Characteristics
Data Period; 1989
Rainfall; 2500 mm
SO,* Input Load: 129 meq/mVyr
CI Input Load 350 meq/m2/yr
Stream pH; 4.9
Soil Base Saturation; 21.0 %
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5.2.3. Data Sources
Input Chemistry; Reynolds et al. 1988, 1989
Output Chemistry; Reynolds et a 1988, 1989
Soils Data; Reynolds et M. 1988, 1989
5.2.4. Model Output - Reconstructions and Predictions: Afon Gwy (Plynlimon)
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Figure 5.2a. Excess sulphate deposition (meq/m2/
yr) used for best and worst case scenarios.
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Figure 5.2c. Reconstructed historical
streamwater sum of base cations (SRC meti/nt')
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Figure 5.21). Reconstructed historical
streamwater alkalinity (meg/m3) and predicted
response under each scenario.
Figure 5.2d. Reconstructed historical soil base
saturation (96) and predicted response under
each scenario.
13
ENCORE REPORT September 1992
5.3. AFON HAFREN (PLYNLIMON)
This site is an acidic forested catchment in upland Wales, UK.The large fluxes of sea-salt derived ions
and excess sulphate are due to the high rainfall and the enhancement deposition associated with the
forestry. Planting of conifers took place over 50% of the catchmentarea in two phases; between 1948and
1950 and between 1963 and 1964. The other fifty percent of the catchment is utilised for rough sheep
grazing and prior to afforestation the catchment was entirely exploited asupland sheepwalk.The stream
has been monitored by the Institute of Hydrology since the early1970's as part of a major study into the
water resources impacts of upland afforestation. Chemical samplingcommenced in the mid 1980's and
will continue for at least a further 6 years within the framework of the UK Acid Waters Monitoring
Network.
An earlier version of thc MAGIC model has been previously applied at this site to assess the impact of
upland afforestation (Neal et al. 1986, Whitehead et al. 1988)incorporating only increased occult
deposition as the major forestry driven process. For this application the model has been completely
recalibrated using the most recent chemistry data, multiple optimisation techniques and explicitly
incorporating the ion uptake, pollutant filtering and increased water use of the growing forest.The mid-
years of the planting periods were taken to simplify the designationof upmke, hydrology and deposition
sequences.
5.3.1. Physical Characteristics
Area; 3.7 km,
Vegetation; 48% Sitka spruce 52% grassland
Soil Type; Peat, brown earth, stagnopodsols and stagnogleys
Mean Soil Depth; 1.02 m
Geology; Mudstones, shales, gritsand glacial drift
5.3.2. Hydrochemical Characteristics
Data Period; 1989
Rainfall; 2391 mm
SO,* Input Load; 126 meq/m2/yr
Cl Input Load 407 meq/m2/yr
Stream pH; 5.0
Soil Base Saturation; 8.3 %
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5.3.3. Data Sources
Input Chemistry; Warren Springs Laboratory (1990)
Output Chemistry; Juggins et al. (1990)
Soils Data; Reynolds et al. (1988, 1989)
5.3.4. Model Output - Reconstructions and Predictions: Mon Hafren (Plynlimon)
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Figure 53a. Excess sulphate deposition (meti/m1/
yr) used for best and worst case scenarios.
Figure 5.3c. Reconstructed historical
streamwater sum of base cations (SRC meg/mi)
and predicted response under each scenario.
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5.4. NANT - Y- GRONWEN (CI6, LLYN BRIANNE)
This site is an unacidified moorland catchment in the CambrianMountainsof mid-Wales. The catchment
has a long history of utilisation for rough sheep grazing. Monitoringof thestream commenced in the early
1980's as pan of the Llyn Brianne Acid Waters Study withinwhich this site represented the unacidic
moorland control. This programme was completed in 1990and only monthly chemical sampling is
currently undertaken.
MAGIC has been previously applied to this site to assess theeffect of upland afforestation (Whitehead
et al 1988) although increased occult deposition was the only forest process considered. For this
application the model has been completely recalibrated using multipleoptimisation techniques and most
recent chemistry data.
5.4.1. Physical Characteristics
Area; 0.72 km2
Vegetation; Grassland
Soil Type; Peals, gleys and podsols
Mean Soil Depth; 1.0 m
Geology; Mudstones, shale, grits,greywackes and glacial drift
5.4.2. Hydrochemical Characteristics
Data Period; 1989
Rainfall; 1765 mm
SO,* Input Load; 114 meq/rn2/yr
CI Input Load 286 meq/m2/yr
Stream pH; 5.9
Soil Base Saturation; 20.9 %
5.4.3. Data Sources
Input Chemistry; Warren Springs Laboratory(1990)
Output Chemistry; Juggins et al. (1990)
Soils Data; Reynolds and Norris (1990)
16
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5.4.4. Model Output - Reconstructions and Predictions: Nant-y-Gronuen (C16, Llyn
Brianne)
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Figure 5.4a. Excess sulphate deposition (tneq/m2/
yr) used for best and worst case scenarios.
Figure 5.4c. Reconstructed htstorical
streamwater sum or base cations (SRC metem3)
and predicted response under each scenario.
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Figure 5.4b. Reconstructed historical
streamwater alkalinity (metent3)and predicted
response under each scenario.
Figure 5.4d. Reconstructed historical soil base
saturation (%) and predicted response under
each scenario.
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5.5. NANT - Y - BUSTACH (PREVIOUSLY REFERRED TO AS L1L LLYN BRIANNE)
This site is an acidified forested catchment in the Cambrian Mountains of mid-Wales. Conifers were
planted between 1961 and 1963 cover the entire catchment area.Prior to afforestation the catchment was
under moorland vegetation and land use comprised rough sheep grazing. Monitoring of the stream
commenced in the early 1980's as part of the Llyn Brianne Acid Waters Study within which this site
represented an acidic mature-forest control. This programme was completed in 1990 and monthly
chemical sampling is currently undertaken in conjunction with continuous flow measurement using a
steep stream flume.
MAGIC has been previously applied to this site to assess the effect of upland afforestation (Whitehead
et al 1988) although increased occult deposition was the only forest process considered. Further analysis
of forestry impacts was carried out using the modified model incorporating changes in deposition,
hydrology and uptake as the forest grows and utilising multiple optimisation techniques (Waters and
Jenkins 1992). The results presented here utilise the calibrated model from this recent application.
5.4.1. Physical Characteristics
Area; 2.55 m2
Vegetation; Sitka spnice (1961-63)
Soil Type; Peats, gleys and podsols
Mean Soil Depth; 1.01 in
Geology; Mudstones, shale, grits, greywackes and glacial drift
5.4.2. Hydrochemical Characteristics
Data Period; 1989
Rainfall; 1981 mm
SO,* Input Load; 209 me/012/yr
CI Input Load 428 mecilrn1/yr
Stream pH; 5.0
Soil Base Saturation; 27.7 %
5.5.3. Data Sources
Input Chemistry; Warren Springs Laboratory (19%)
Output Chemistry; Juggins et al. (1990)
Soils Data; Reynolds and Norris (1990)
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5.5.4. Model Output - Reconstructions and Predictions: Nant-y-Bustach (L1L Llyn
Brianne)
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Figure 5.5a. Excess sulphate deposition (meg/re
yr) used for hest and worst case scenarios.
Figure 5.5c. Reconstructed historical
streamwater sum of base cations (SBC meq/m3)
and predicted response under each scenario.
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Figure 5.5b. Reconstructed historical
streamwater alkalinity (meg/m3) and predicted
response under each scenario.
Figure 5.5d. Reconstructed historical soil base
saturation (%) and predicted response under
each scenario.
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5.6. BIRKENES
The Birkenes catchment lies in the region of southern Norway receiving the highest load of acid
deposition. Runoff is acidifed with annual volume-weighted pH levels of 4.4 and high concentrations of
inorganic aluminum. The stream at Birkenes supported brown trout until about 1950.
Birkenes has been a calibrated catchment and research site since the early 1970's, with continuous
monitoring of air, precipitation and runoff. Birkenes has been included in several national and interna-

tional monitoring network.s. It is also the site of several detailed studies of soil chemistry and hydrology.
MAGIC has previously been calibrated to Birkenes and used to estimate critical loads for the catchment
(Wright et al. 1990a). We use this calibration in conjunction with sulphur deposition scenarios outlined
in section 3.1 and to explore the interaction between target loads for sulphur, nitrogen and nitrogen
saturation.
Nitrogen saturation is assumed to double every 12 years until nitrate output equals nitrate input. This
follows the observed pattern of doubling over the 12-year period 1974 to 1986 observed in the 1000-lake
survey (Henriksen et al. 1988). The retention of ammonium is assumed unchanged at the present level of
95%.
5.6.1. Physical Characteristics
Area; 0.41 km1
Vegetation; Mixed spruce, pine and birch forest, >80 years old
Soil Type; Podsols and brown earths
Mean Soil Depth; 0.40 m
Geology; Biotite granite, glacial drift
5.6.2. Hydrochemical Characteristics
Data Period; 1973-88
Rainfall; 1471 mm
SQ* Input Load; 146 meq/m2/yr
Cl Input Load; 146 meq/m2/yr
Stream pH; 4.4
Soil Base Saturation; 17.7%
5.6.3. Data Sources
Input Chemistry; Norwegian State Pollution Control Authority (SFT 1990)
Output Chemistry; Norwegian State Pollution Control Authority (SFT 1990)
Soils Data; A.O. Stuanes (NISK) and JD. Reuss (1989)
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5.6.4. Model Output - Reconstructions and Predictions: Birkenes
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Figure 5.6a. Excess sulphate deposition (metem2/
yr) used for best and worst case scenarios.
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Figure 5.6d. Reconstructed historical soil base
saturation (%) and predicted response under
each scenario.
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Figure 5.6b. Reconstructed historical
streamwater alkalinity (meq/m3) and predicted
response under each scenario.
Figure 5.6e.Nltrogen deposition (meg/m2/yr)
used for all scenarios.
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Figure 5.6c. Reconstructed historical
streamwater sum of base cations (SBC meg/m3)
and predicted response under each scenario.
Figure 5.6f. Reconstructed historical stream-
water nitrate (mey/m2) and predicted response
under constant nitrogen uptake and nitrogen
saturation.
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5.7. STORGAMA
Storgama is an acidifed catchment recieving moderate amounts (for Norway) of acid deposition. The site
is located at about 600 m above sea level in sparse and unproductive forests and moorlands. Brown trout
populations in lakes in the regions were lost in the 1950's.
Storgama has been a calibrated research site since 1974 and is included in the Norwegian national
environmental monitoring programme since 1980. An adjacent catchment, Tjonnstrond, is the object of
a whole-catchment liming experiment carried out in 1983, with subsequent monitoring of runoff chemistry
and the restocked fish popualtion.
MAGIC has previously been calibrated to Storgama and used to esti matc critical loads for the catchment
(Wright et at 1990a). We use this calibration in conjunction with sulphur deposition scenarios.
5.7.1. Physical Characteristics
Arca; 0.60 km'
Vegetation; Sparse pine and birch forest, heather
Soil Type; Podsols and peals
Mean Soil Depth; 0.32 m
Geology; Granite and gneiss
5.7.2. Hydrochemical Characteristics
Data Period; 1975-88
Rainfall; 1009 mm
SO,* Input Load; 69 meg/m2/yr
CI Input Load 31 meg/m2/yr
Stream pH; 4.5
Soil Base Saturation; 6.9%
5.7.3. Data Sources
Input Chemistry; Norwegian State Pollution Control Authority (SFT 1990)
Output Chemistry; Norwegian State Pollution Control Authority (SFT 1990)
Soils Data: A.O. Stuancs (NISK) andReuss (1989)
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5.7.4. Model Output - Reconstructions and Predictions: Storgama
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Figure 5.7a. Excesssulphate deposition (meti/m2/
yr) used for best and worst case scenarios.
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Figure 5.7c. Reconstructed hLstorIcal
streamwater sum of base cations (SRC meti/m3)
and predicted response under each scenario.
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Figure 5.7b. Reconstructed historical
streamwater alkalinity (meq/m3) and predicted
response under each scenario.
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Figure 5.7d. Reconstructedhistorical soil base
saturation (%) and predicted responseunder
each scenario.
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5.8. LANGTJERN
Langtjern is an acidifed lake recieving moderate amounts (forNorway) of acid deposition. The lake is
typical of inland forest lakes in southern Norway. It is 0.25 km1inarea, meandepth of about 3m and water-
retention time of only 2-3 months. Brown trout popuatlion in the lake was lost in the 1960's due to
recruitment failure. The lake is marginally acidic (pH 4.7).
Langtjern has been a calibrated research site since 1974 and included in the Norwegian national
environmental monitoring programme since 1980. Monitoring points for runoff include the 2 major
inflowing streams and the outlet of the lake. Due to the shon-water retention time, the chemistry of the
outflow water is very similar to that of the inflow water.
MAGIC has previously been calibrated to Langtjern (outlet) and used to estimate critical loads (Wright
et al. I990a). We use this calibration in conjunction with thesulphur deposition scenarios.
5.8.1. Physical Characteristics
Area; 4.56 km'
Vegetation; Pine and birch forest
Soil Type; Podsols and pcats
Mean Soil Depth; 0.40 m
Geology; Granite and gneiss
5.8.2. Hydrochemical Characteristics
Data Period; 1975-88
Rainfall; 725 mm
SO,* Input Load; 44 meq/m2/yr
CI Input Load 10 mey/m2/yr
Stream pH; 4.6
Soil Base Saturation; 8.9%
5.8.3. Data Sources
Input Chemistry; Norwegian State PollutionControl Authority (SFT 1990)
Output Chemistry; Norwegian State PollutionControl Authority (SFT 1990)
Soils Data; A.O. Stuanes (NISK) andReuss (1989)
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5.8.4. Model Output - Reconstructions and Predictions: Langtjern
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Figure 5.8a. Excess sulphate deposition (mey/m2/
yr) used for best and worst case scenarios.
Figure 5.8c. Reconstructed historical
streamwater sum of base cations (SRC meq/m3)
and predicted response under each scenario.
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Figure 5.8b. Reconstructed historical
streamwater alkalinity (meq/m3)and predicted
response under each scenario.
Figure 5.8d. Reconstructed historical soil base
saturation (%) and predicted response under
each scenario.
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5.9. KAA RVATN
Kaarvatn is a pristine but acid-sensitive catchment receiving only negligibe amounts (for Norway) of acid
deposition. The sitc is located in the mountians of west-central Norway. Lakes and streams in the arca
support healthy brown trout populations.
Kaarvatn has been a calibrated rea.search site since 1978 and included in the Norwegain national
environmental monitoring programme since 1980.
MAGIC has previously been calibrated to Kaarvatn and used to estimate critical loads for the cathcment
(Wright et al. 1990a). We use this calibration in conjunction with sulphur deposition scenarios.
5.9.1. Physical Characteristics
Area; 25 km'
Vegetation; Dwarf birch, headier
Soil Type; Podsols and pears
Mean Soil Depth; 0.29 m
Geology; Granite and gneiss
5.9.2. Hydrochemical Characteristics
Data Period; 1978-88
Rainfall; 2000 mm
SO,* Input Load; 15 rneq/m1/yr
CI Input Load 93 meq/m2/yr
Stream pH; 5.6
Soil Base Saturation; 16.3%
5.9.3. Data Sources
InputChemistry; Norwegian State Pollution Control Authority (SFT 1990)
Output Chemistry; Norwegian State Pollution Control Authority (SFT 1990)
Soils Data; AD. Stuanes (NIS K) and Reuss (1989)
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5.9.4. Model Output - Reconstructions and Predictions: Kaarvatn
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Figure 5.9a. Excess sulphate deposition (meq/m21
yr) used for best and worst case scenarios.
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Figure 5.9c. Reconstructed historical
streamwater sum of base cations (SBC meq/m3)
and predicted response under each scenario.
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Figure 5.9b. Reconstructed historical
streamwater alkalinity (meghn') and predicted
response under each scenario.
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Figure 5.9d. Reconstructed historical soil base
saturation (%) and predicted response under
each scenario.
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5.10. DALELVA
Dalelva is an acid-sensitive catchment receiving only moderateamounts (for Norway)of acid deposition.
The site is located in northernmost Norway only 30 km fromthemajor copper- nickel smelters in Nikel,
Russia. Here emissions of SO2began in the late 1930's and peaked in 1980 at about 400 000 tons 502/
yr. Most of the acid input at Dalelva is thus as dry- depostion of SO2gas.
The chemical compostion of runoff at the weir indicates waterquality on the verge of becoming acidic.
Lakes in the headwaters regions of the Dalelva catchment arealready chronically acidic with pH <5 and
have damaged fish popualtions.
Dalelva has been a calibrated research site since 1989 and is included in the Norwegian national
environmental monitoring programme.
MAGIC has previously been calibrated to Dalelva and used toestimate critical loads for the catchment
(Wright and Traacn 1992). We use this calibration in conjunctionwith thesulphur deposition scenarios.
5.10.1. Physical Characteristics
Arca; 3.2 km'
Vegetation; Dwarf birch, heather
Soil Type; Podsols and pcats
Mean Soil Depth; 0.46 m
Geology; Granite and gneiss
5.10.2. Hydrochemical Characteristics
Data Period; 1987-88
Rainfall; 770 mm
SO,* Input Load; 55 meq/e/yr
CI Input Load 66 meq/m2/yr
Stream pH, 5.6
Soil Base Saturation; 21.1%
5.10.3. Data Sources
Input Chemistry; Norwegian State Pollution Control Authority (SFT 1991)
Output Chemistry; Norwegian State PollutionControl Authority (SFT 1991)
Soils Data; A.O. Stuanes (NISK) and Reuss (1989)
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5.10.4. Model Output - Reconstructions and Predictions: DaleIva
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Figure 5.10a. Excess sulphate deposition (meg/
ml/yr) used for best and worst case scenarios.
MG
SO

Figure 5.10c. Reconstructed historical
streamwater sum of base cations (SBC mey/m3)
and predicted response under each scenario.
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Figure 5.10b. Reconstructed historical
streamwater alkalinity (meq/m3) and predicted
response under each scenario.
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Figure 5.10d. Reconstructed historical soli base
saturation (%) and predicted response under
each scenario.
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6. DISCUSSION
6.1. MODEL RECONSTRUCTIONS
The present state of acidification of soils and surface waters is the result of many decades of acid
deposition. The response and rate of response of terrestrial andaquatic ecosystems to these acid inputs
depend on many factors including intrinsic properties such as soilthickness and mineralogy, local factors
such as forest harvesting, and of course the amount and historyof acid deposition. Similarly the degree
and rate of recovery of acidified systems following reduction inacid deposition will vary fromcatchment
to catchment.
At all sites MAGIC successfully simulates present-day observedstream and soil chemistry confirming
that the model is well suited for application to these types of areas.The sites included represent mainly
cool, temperate climates and are characterised hy acidicsoils overlayingslowlyweathering bedrockwhich
consequently has little acid buffering capacity. Excess sulphatedeposition covers a wide range from 15
to 209 meq/mYyr across all the sites. Chloride deposition also variesconsiderably between the sites from
10 to 428 meq/m2/yr, the highest levels being in the UK sites where sea- salts dominate the input flux.
Organic acid concentrations vary by a factorof I0 acrossall of thesites studied(Tahle 6.1). Meansoil depth
at the UK sites is generally about double (c. 1m)the Norwegiansites and in most cases, particularly the
Welsh sites, have greater rainfall inputs. This is reflected in the relatively highexcess sulphate deposition
loads at the UK sites.
Table 6.1. Catchment and soli parameters used in application of MAGIC to ENCORE catchments in
the UK and Norway.
UnitsGicy Hafsen MhairnidhSlant-y-
Grenwen
Natal-
Bauch
Birk.
eon
Sum-
garna
Lang-
tient
Kam-Dal-
vatnelva
kna23 88 3.47 9 98 0 72 I 55 0 41 0 60 4.56 25.003.20
inm/yr2500 2391 1066 1765 1981 1470 1010 725 2000770
min/yr2170 2042 961 1601 1580 1190 970 605 1830540
m0.81 1.02 0.83 1.00 1.01 0.40 0.32 0.40 0.290.46
ratio0 45 0.45 0.50 0 45 045 0.50 0.50 0.50 0.5050 00
kg/m31073 950 924 527 991 936 503 828 7641179
meq/kg73 115 428 109 II I 46 121 63 9127
mets/m3151 600 1103 338 400 110 80 100 60100
19641/8131.00 4.58 2.90 4 4I3 4 00 0.90 1.00 1.00 6 001.00
0g7.95 9.02 9.05 9 05 906 8.20 8.10 8.20 8.808.10
og1.49 2.53 6.70 5.27 .104 0.50 0.20 1.40 1.103.50
981.67 4.88 6.70 5.33 .0.70 0.60 -0.50 1.60 0.705.00
98-1.26 -0.20 2.37 0 39 .2 72 -1.90 .1.70 -2.20 -0.50-0.20
og-5.97 -3.44 -1.52 .2 13 .5 14 -5.80 -4.30 -6.00 -5.00-4.00
mmolltn320 13 12 20 75 65 93 60 2060
05 4.5 4.5 4.5 4.5 4.5 4.5 4.7 4.5 4.04.4
9810.3 10.3 10.3 10.3 10.3 8 0 8.0 8 0 8.08.0
atm0.0120 0.0066 0.0066 0.0066 0 0150 0.0060 0.0050 0.0050 0.0060 0.0036
of9.6 5.0 5.0 5.0 5.0 5.0 5.0 5.0 6 61.0
atm0.0012 00007 0.0007 0.0007 0.0007 0.0007 0.0007 0.0007 0.0025 0.0007
oC9.6 5.0 5.0 5.0 5.0 5.0 5.0 5.0 6.62.0
Parameter
catchment ania
precipitation
nmof(
soil depth
porosity
bulk density
CEC
$04 ads, half-sat.
804 ads. mu-capacity
solubility Al(011)3
select. coeff. Al-Ca
select coeff. Al-Mg
select. coeff. Al-Na
select. cacti. Al-K
total organics. solution
organic pK1
organic 61/.2
CO2. soil air
soil temperatun
CO2. streamwatn
stream temperannt
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The success of the model across this range of conditions illustrates its robustness and indicates that the
major processes included in the model are correctly identified as the major mechanisms controlling
catchment chemical response to acidic input.
The effect of anthropogenic sulphate deposition on soil and water acidification is well illustrated by the
model reconstnictions at the 10 sites. As expected, the sites which receive the highest sulphate load have
suffered the greatest loss of soil base saturation and surface water alkalinity and vice versa. This cause and
effect relationship is, however, far from linear since the degree of acidification at any sitedepends crucially
upon othe r catchment physicochemical parameters. These include soil sulphate adsorption capability, soil
depth, soil type and flux of base cations from weathering.
The model calibrations yield estimates for cation-exchange selectivity coefficients and base cation
weathering rates similar among these 10 sites (Tables 6.1 and Table 6.2). Both thesesets of parameters
optimisation are obtained by the optimising routine used in the calibrations of MAGIC. The cation-
exchange selectivity coefficients vary by several log units among sites; this range is well within that
reported. from field and laboratory measurements in soils and also are similar to values obtained from
MAGIC application to other sites in Europe and North America.
The weathering rates estimated by the MAGIC calibrations are also similar among sites. These sites are
all characterised by soils derived mainly from crystalline parent material and are highly-resistent to
chemical weathering. Within this narrow range the sites with thicker soils have higher weathering rates.
Table 6.2. Results of MAGIC applications to ENCORE catchments.
Parameter
C. satutitheti 8191 19834
Units Csity
58
Hat. Mbar. Guth-
ten caidh .co
37678
Bust.
acla
II 7
Bak.
OX a
91
Stor•
gama
33
L•ng.
titre
37
K aar•
sato
59
el..
117
Mg •stsratioci soil 19834


7 5 0 9 12 7 3 8 2 4 0 2 2 I 6 5 3 3 6
Ma saturationsoil 1083/4


3 7 2 3 0 A 4 1 6 6 1 6 0 7 1 0 0 8 3 3
K sam ratios...tit 194314


0 I 4 11 I 7 12 18 0 7 2 6 IIt 2 5
total base nitration 1983/4


21 0 8 3 6 20 9 27 7 17 5 6 0 89 13 8 21
Ca saturation. soil 1844


9 5 8 8 19 14 9 86 jp 3 9 D s 8 7 2 15 8
SI9 saturants. sod 1844


12 9 5 8 1 • 14I 12 9 le 7 4 • 3 3 63 7 2
Ma nth ration. soil I 844 • 6 • 5 2 I0 6 6 8 0 3 1 I 0 1.9 0 9 5 4
K satumlloo. soil 1844


2 2.6 12 2 2 2 6 3 II 21 I 9 2 7
tout base thwarts's, 18414


33 8 22 4 5 6 37 8 43 0 48 6 15 5 168 16 3 311
C. wealliertas meq/m2/yr 20 9 5 9 22 2 708 5 5 12 4 10.4 :73 23 2 9 3
II g natherins unotinflyt 3 2 57 2 15 41 9 0 0 0 • 0 3 2 3 2 9 10 7
A a -esthetics metilpi219r 8 7 30 6 38 9 28 9 41 2 5 9 0 0 65 g 0 7
K weathering cocci/m2/yr 0 0 6 8 4 6. 7 I 0 0 1 0 0.0 00 2 2 0 9
iota) weathering goes/m2/yt 44 7 100 5 67 2 157 7 46 7 19 7 10 7 201 36 3 28 7
Cr deponoo meg/ail/it 11.0 12.0 0 9 0 49.0 16 8 10.0 65 7 3 I
Mg. deposition nies/m2./yr -2 0 -2 0 0.0 0 0 0.0 0 0 0 5 05 0 2 3 3
No° depositioe mectim2/ye .10 0 .13 0 .10 1 0 17 0 2 2 2 0 00 0 0 0 0
K • deposition msts/m2/gt 0 0 2.0 I 0 1 0 0 0 7 6 2.8 11 1.6 0 0
loth! IIC• deposition meottn2/yr 10 0 .10 0 9 0 41 0 26 6 15 3 107 9 I 11•
DC' weathering • deg meg/rill/yr 34 7 99 5 71 2 166 7 95 7 46 3 26 0 31 5 45 4 40 I
8048 deposition nacq/m 2/yr 120 0 126 0 32 0 114 0 209 0 146 0 60.0 44 0 15 0 55 0
ebaose 51815


.12 8 .141 1 -16 9 .15 3 .311


.75 .2 5 -10
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All these MAGIC applications use a one-layer version of the model. This assumes that the catchment soil
is uniform both spatially and vertically across the catchment. To achieve amodel calibration, soil chemical
and physical parameters are weighted to give mean values for the catchment. It is further assumed that all
of the rainfall passes through this soil layer, except that which falls directly onto lake surfaces, and there
is no flow routing represented in the model structures. Clearly, this is the most simplified representation
of the catchment system. Previous modelling work, however, has indicated that the incorporation of
additional soil layers and flow routing do not greatly influence the model predictions of streamwater
chemistry (Jenkins and Cosby 1990) since the model aggregates soil parameters to the catchment scale
and addresses only annual average ionic concentrations. For soils the predicted integrate response in each
individual horizon; for deeper soils this may influence estimates for soil critical load. The use of monthly
time steps has also been assessed and found to have no appreciable effect on the chemical changes
predicted over periods of several years (Wright et al. I990b). The model makes no attempt to infer short-
term event-driven changes in hydrochemistry when a considerably shorter time step and more detailed
physical representation of the catchment would be necessary.
6.2. MODEL PREDICTIONS
Comparisons of predictions under standard scenarios
The simulated response of soils and surface waters to the historical build upof sulphurdeposition is similar
at all catchments (Figure 6.1). Surface waters at all catchments continue to acidi fy under the worst case
scenario (business as usual) and all catchments recover (or begin recovery) under the best case scenario
(Figure 6.2). Soil base saturation continues to decline in all cases,albeit more slowely under the best case
scenario (Figure 6.3). Exceptions are related to situations with concurrent land-use change such as the
replant scenario at Hafren and LII, or in the case of nitrogen saturation.
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Figure 6A. Change In streamwater ANC (left panel) and soil % basesaturation (right panel) from pre-
acidification (about 1840) to the present as reconstructed by MAGIC, and present-day excess-sulphate
deposition at 10 ENCORE catchment&
Of the catchments investigated here Birkenes appears to have experienced the largest historical changes
in ANC, and the MAGIC predictions indicate that Birkenes will also exhibit the greatest response in the
future. By contrast, Mharcaidh with its relatively thick soils and low present-day sulphur deposition, has
changed the least and is predicted to change little in the future under the two sulphur deposition scenarios.
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Figure 6.3. Predicted changes In soll % base saturation from pre-acIdification (about 1040) to the
present as reconstructed by MAGIC, and present-day excess-sulphate deposition at 10 ENCORE
catch ments.
Afforestation
The combined effect of catchment afforestation and high sulphate deposition has been shown to have an
extreme acidifying effect on both soils and surface water. This is borne out by themodel reconstructions
at the Hafren and Nant-Y-Bustach sites in Wales (figures in section 5.3.4 and 5.5.4)and supports earlier
MAGIC applications to forested sites in Scotland (Cosby et al. 1991, Jenkins et al. 1991).
Future response at thesesites depends on both the sulphate deposition scenario andtheforest management
policy. At both sites, the effect of the combined worst/best case sulphate deposition and cut/replant
strategies interact such that the business as usual and replanting following forest harvesting scenarios
produce a further pronounced decrease in streamwater alkalinity and soil base saturation. On the other
hand, the best case sulphate deposition and cut with no replanting scenarios producea marked recovery
in stream alkalinity and a stabilisation of soil base saturation over the 50-year forecastperiod. It is clear
that future sulphate deposition reduction strategies must be formulated with land management strategies
in mind.
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6.3. CRITICAL LOADS
Across the range of sulphate deposition considered the empirical critical load for water compares
favourably with that calculated using MAGIC. (Figure 6.3, Table 6.3). Both methodsgenerally agree on
whether each site is currently in exceedence or not.The absolute values at each site,however,, show some
differences. At Nant-Y-Bustach, Afon Hafren and Afon Gwy the empirical criticalload is significantly
higher than the MAGIC critical load whilst at Allt a Mharcaidh the opposite is the case.
At Nant-Y-Bustach and Afon Hafren this problem derives from the land use scenario employed in
calculating the critical load, since the cut and replant afforestation strategy producesa significantly lower
critical load than the cut and leave strategy. This is intuitively correct since the modelsimulates (Figures
in section5.3.4 and5.3.5) enhanced acidification withthe planting of asecond rotationforest at these sites.
The optimal critical load, on the other hand, does not take into account changes in land use.
The soils at the Allt a Mharcaidh are capable of buffering acidic input for the50-year period used to
determine the MAGIC critical load. Because the empirical calculation assumes equilibrium conditions,
thecritical load is lower.The only Norwegian site asyetunaffected by acidic depositionis Kaarvatn where
again the MAGIC critical load is higher than the empirical critical load.
At all other sites, the empirical critical load is larger by up to 2 times the MAGICcritical load. This
discrepancy is consistent with the prohlems of considering staticand dynamic calculationtechniques. The
MAGIC model incorporates soil recovery in response to decreased sulphate input.This causes a slower
recovery; so over a 50-year period a lower load is required.
Figure 6.3. Critical loads for sulphur calculated by MAGIC using forest criterion (Ca/Al = 1 mol/mol in
soil solution) and water criterion (ANC= 0 peq/I) and by the empirical method (Sierdrup et al. 1990).
Also shown are present-day excess-sulphate depositions. Sites are ordered by decreasing SO4* deposition.
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Table 6.3. Calculation of critical load (fish) by the empirical model with variable F-factor. Units: peq/1.
Source for calculation procedure Sverdrup et al. (1990).
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The purpose of determining critical loads is to set goals for future deposition rate of acidifying compounds
on a site-by-site basis such that the environment is protected. Critical loads are determined separately for
forests, soils, and surface waters and will differ between these three categories for agive n area as well from
site-to-site depending upon the inherent sensitivity of the natural environment. The critical load for soils
is effectively defined with respect to both waters and forests. In practice, then, at agiven site the critical
load for forests may he greater or lower than the critical load for water. Because thegoal is to protect the
whole environment the target load thus becomes the lesser of these critical loads.
In other words if the waters are inherently more sensitive than the forests, the critical load for waters will
he lower than that for forests and for the environment as a whole the critical load thus becomes the critical
load for waters.
For forests only the soil down through the rooting zone is of interest (for coniferous forests commonly 0-
50 cm). Here the critical load for forests may be lower than the critical load for waters because runoff
derives from the entire soil column including the commonly more alkaline deeper soil water.
Comparison of critical loads calculated using MAGIC shows that the critical load for soil is generally
higher than that for water. It must be remembered, however, that the critical load required to protect the
top 50 cm of the soil column would be lower than that tolerated by the whole soil depth, assuming soils
acidify from the top down. It is possible that the critical load for a thin upper soil layer could be lower than
water critical load at some sites.
Influence of N saturation on critical loads: example Birkenes
Because the deposition of both sulphur and nitrogen compounds contribute to acidification, the critical
load must be specified in terms of sulfur and nitrogen deposition. The relative effects of sulfur and nitrogen
deposition depend on several factors including ( I) the type of receptor ecosystem in question (forest, soil
or surface water), (2) the sensitivity of the ecosystem to acidification, and (3) the land-use history.
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In general the effects of sulphur and nitrogen deposition are additive bui not necessarily linear; the critical
load for sulphur is thus lower if the ecosystem also receives acid inputs from nitrogen. The response of
ecosystems to acidic inputs as either sulphur and nitrogen is dynamic over time. Damage increases with
time in ecosystems receiving constant acid deposition; recovery following reductions in deposition may
not proceed at the same rate as acidification.
Critical load (MAGIC)
Year 2038, fish criterion
Birkenes
0 100
3
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60 -•-• •
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0 10 20 30 40
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Figure 6.4. Critical load for water at Birkenes calculated by MAGIC,under criterion ANC=0 peq/1.
Shown are critical load for sulphur alone (x-axis),nitrate alone (y-axls)under 3 different scenarios of
nitrogen retention in the catchment. Present-day SO: depositionLs146 meq/Ingyr; NO, deposition Is96
meq/m2/yr; nitrate uptake Ls90%.
The ability of catchments to retain incoming nitrogen is a further factor influencing the target load.
Indications of incipient nitrogen saturation in Norway, such as the increase in nitrate concentrations in
lakes in southernmost Norway over the period 1974 to 1986 (Henriksen et al. 1988), suggest that nitrate
may play a larger role inthe future. MAGIC provides a tool for theevaluation ofthe relative roles of sulphur
deposition, nitrogen deposition, and nitrogen retention by the catchment. We illustrate these relationships
at the Birkenes catchment.
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The critical load for sulphur at Birkenes using MAGIC, the fish criterion of ANC =0, and target year 50
years in the future (year 2038) is 39 meq/m2/yr (Figure 6.4), under the assumptions that nitrate deposition
remains constant and that the % nitrogen retained by the catchment also remains constant. If, however,
the % nitrate retained decreases from present-day levels of 90% to only 50% in the future, then the
catchment will tolerate lesssulphur: the target loadis nowonly about30 meq/m2/yr.Andwith 0% retention
of nitrate, target load for sulphur will he about 0, if nitrate deposition is at present-thy levels. Thus all 3
factors must be specified to before critical load for either S or N (or both) can he quantified.
FUTURE WORK
We plan to continue work with the MAGIC model applied to ENCORE catchments. We envision a second
rcport dealing with application of MAGIC to other ENCORE catchments such as Svartherget in Sweden,
Lange Bramke in Germany, Auhure in France and Prades in Spain. These sites di ffer in several important
respects to the 10 catchments in the UK and Norway included here. For example, the Lange Bramke
catchment suffers forest damage, and the Prades catchment is located in a warm and arid climate.
Application of MAGIC to these sites will provide further tests of the robustness of the model.
We also plan to apply MAGIC to ENCORE catchments that have been the sites of various whole-
catchment manipulations. Here we have the RAIN catchments in Norway (acid addition at Sogndal and
acid exclusion by roof at Risdalsheia, respectively), liming experiments at Llyn Brianne in the UK and
TOnnstrand (Storgarna) in Norway, and nitrogen addition experiments at GardsjOn in Sweden.
Finally we look for links to other models applied to data within the ENCORE project. These include short-
term hydrological and hydrochemical models such as TOPMODEL (Beven ct al.) and EMMA (End-
Member Mixing Analysis) (Christophersen et al. 1990). Models of biological effects can also he linked
to the MAGIC calibrations and prediction of the type presented here. For aquatic systems biological effects
are usually related to changes in water quality. For Norway, for example, fish status is closely related to
water quality variables such as ANC, and these relationships can he used to predict future changes in fish
status under various scenarios of deposition of sulphur and nitrogen and land-use. These links can lead
to ideas for modification of models, new field investigations, and new manipulation experiments within
the ENCORE project.
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